An approach is presented to use small-scale test data to develop rational hazard evaluation of materials as used. The presentation uses the example of fire properties measured or derived from burn tests in the cone calorimeter and uses established relationships to derive the resulting hazard.
A the ignition time approaches infinity, equation 1 reduces to qigrsmin = H (T@ -To)
The use of equation 1 for a material of unknown properties leads to a trial and error fit for qVi and the parameter a. The methods described here were originally verified experimcntally bygduintiere and Harkleroad 161. Their model of ignition assumes that the material is thermallv thck and that heat losses from ;he sample may be?gnored. The material is assumed to heat 4 a black inert material with constant thermal properties. Given these assumptions, the surface temperature is given by T, -To = 4 :
m F (5)
This expression is taken to hold for thermally thick materials and for all fluxes sufficient to ignite the material; that is, for incident heat fluxes in excess of the critical radiant flux for ignition, 4". ~gn,min
The primary motivation for this approximation is the simplifications it affords in estimating flame spread rates. Caution is needed in applying this approximation to materials that are thin or tested at very low incident fluxes as there is no consideration of asymptotic behavior as expressed equation 1. This can lead to unrealistic solution for applied flux below q"ign,,i!, and significant errors in solutions for applied fluxes near qUign In addition, qnign lgn~tlon temperature and the parameter a cannot all be simultaneodly derived from a c u d e fit of time and incident flux when using this approximation. Therefore, q"ign,min has to be determined experimentally, with due caution to backside heat losses.
The convective heat transfer coefficient from the flame for a 100 mm thick upward facing horizontal surface is approximately 10 w / m 2~ and approximately 15 w / m 2~ for a similar vertical surface. Fortunately, at ignition temperatures, radiative processes dominate, so a precise value for h, is not needed. Therefore, using equation 5 in equation 4 yields Plotting the ignition data on a plot of qUi ,in/q"I versus Jtig yields a straight line of slope, b. This can be used to find the effective therma? lnertia of the material, kpc, by the equation 4.
Having determined the ignition temperature and the effective thermal inertia, equation 4 can be rearranged to find the time to ignition under a constant incident heat flux Under variable or transient incident heat flux, the ignition time is defined in a more general form by the following:
7
Since heat losses are ignored in this model, it is possible for a variable heat flux less than the critical heat flux to "ignite" the composite according to equation 9. Any ignition time found for a flux less than the critical flux should be viewed as an underestimate.
In order to proceed beyond the limits of the thermally thick region, conditions regarding the back side heat losses, etc. must be incorporated. A common assumption is that the back side is insulated. This results in the following equation developed by Kanury In summary, the ignition temperature, the critical radiant heat flux for ignition, and the effective thermal inertia can be derived from the cone calorimeter. The critical radiant heat flux for ignition is determined experimentally by conducting successive tests to bracket the maximum incident flux incapable of causing ignition and the minimum incident f l u that results in ignition. The accuracy of the determination is directly related to the degree that these values are converged to a single value. A significant number of tests may be needed to make an accurate determination. The ignition temperature can be determined using the critical radiant heat flux for ignition in equation 6. By performing a series of experiments at external heat fluxes above the critical radiant heat flux for ignition, a plot of qWi min/4''I versus Jtig can be constructed. The slope, b, of the straight line is used in equation 7 to tefine the effective thermal inertia. Having determined the ignition temperature and the effective thermal inertia, equations 8 and 9 can be used to predict the time to ignition or if ignition will occur at all.
FLAME SPREAD
Flame spread is the movement of the flame front across the surface of a material that is burning (or exposed to an ignition flame) where the exposed surface is not yet fully involved. Physically, flame spread can be treated as a secession of ignitions resulting from the heat energy produced by the burning portion of a material, its flame, and any other incident heat energy imposed upon the unburned surface. Other sources of incident energy would include another burning object, high temperature gases that can accumulate in the upper portion of an enclosed space, and the radiant heat sources used in a test apparatus such as the cone calorimeter or the LIFT. For analysis purposes, flame spread can be divided into two categories, that which moves in the same direction as the flame (Concurrent or Wind Aided Flame Spread) and that which moves in any other direction (Lateral or Opposed Flame Spread). In this study, the terms concurrent and lateral are used. Concurrent flame spread is assisted by the incident heat flux from the flame back to the burning region and to unignited portions of the burning material. Lateral flame spread is not so assisted and tends to be much slower in progression unless an external source of heat flux is present. Lateral flame spread is of little significance to the problems related to the use of composites in aircraft and is ignored in the hazard analysis examples in this report. Concurrent flame spread can be expressed as
The values for kpc and ignition temperature are calculated from the cone calorimeter as discussed in the section on ignition.
HEAT RELEASE RATE-FlRE GROWTH
Heat release rate is defined as the amount of heat produced from the combustion of a given material at a given time. The heat release rate may be constant with time or may vary with time as is common in the case of accidental fires. The heat release rate from a burning material is a function of both the mass loss rate and heat of combustion of the material. The amount of mass loss over time depends on the applied heat flux to the material. This heat flux can come from the flame generated as the material burns as well as from an external source. In the cone calorimeter, the cone radiator produces an external radiation that can be considered to simulate either the radiant feedback from the type of flame that would occur from a larger specimen, an external heat source or a combination of both.
The heat release rate at the time of an accidental fire cannot be predicted solely from basic measurements of material properties because the mass loss rate depends on the fire environment, the manner in which the material is volatilized, and the efficiency of the vapor combustion [q.
However, pertinent and essential information regarding the potential role of a material in a fire and the size and growth of a fire can be assessed by measuring the heat release rate. The capability of the cone calorimeter of varying the applied flux permits the sample to be exposed to a range of exposure conditions associated with developing fires. It also provides information on when the material may contribute to the fire and the magnitude of that contribution. With these data, it is possible to derive both the heat of gasification, which is a measure of the heat required to vaporize a unit mass of the material, and the generation of gaseous species and smoke.
The heat of gasification is defined by the expression G; = ( 4: -&')/AH, While the ratio of the heat absorbed to the mass of fuel gasified is a constant for steady burning of a liquid, in general the heat of gasification is a function of the progress of the decomposition process. Several investigators have made attempts to develop a method of expressing the heat of gasification as a function of a single variable. The choices of variables include the total heat released, the total mass released, or the total energy absorbed up to the point in time under consideration. All of these variables are closely related. The most direct and most studied variable is the total energy absorbed. This variable relates directly to the state of the remaining composite and in principle can respond to differences in the heat lost to the environment. It has been shown that this method will work for charring and noncharring solids of various thicknesses, for both constant and linearly increasing heat flux histories.
The total heat absorbed by a composite, q", is given by
With q " , known, it is possible to process all the mass loss rate data.
This expression applied to the mass loss data yields the heat of gasification as a function of the total heat absorbed. Further work is required to develop models of AH (q") for different classes of materials so that the function AHg(q1') can be described parametrica!ly.
Having determined AHg(qW) and q"=, the mass loss rate from a composite can be determined from q' = 9; 0) -9; (0
This along with the heat of combustion are used to determine the heat release.
Given the fuel volatilization rate, it is straightforward to determine the heat release rate, the generation rate of gaseous species, and smoke. These quantities are related to the mass loss rate through the following expressions:
Gf& H,, qi, and om can be determined as average values or as functions of the total energy absorbed, q". These values can then be used in hazard analysis procedures.
HAZARD ANALYSIS FRAMEWORK
The remainder of this paper describes a hazard analysis framework designed to measure the impact of using materials having flammability properties measured in the cone calorimeter. This analysis is demonstrated through an example comparing the fire behavior of two materials proposed as candidate aircraft wing surfaces. The advantage of evaluating materials on a hazard basis is that it allows the user to assess the impact of the measured fire properties in the context of a proposed application. The results obtained quantify the impact of a material in terms of selected hazard criteria, and the criteria can be varied to address end-use environments and the specific concerns of the user.
An example analysis is presented. The example addresses the application of hazard analysis to a case where the aircraft is exposed to a pool (spill) fire. (JP-4 pool fires between 0 and 8 m (up to 26 ft) in diameter are evaluated.) For this example, it was assumed that the aircraft of interest has a wing where the underside surface is made of the candidate material. Two hypothetical synthesized materials are examined. In addition, PMMA and pine are used as reference points, the baseline of comparison being an aircraft constructed of noncombustible material (e.g., aluminum).
The material surface presents a panel 10 m wide at the connection with the fuselage and extends 20 m from the fuselage. There is a taper; the total area of the composite is 150 m2 (1614 ft2). This very large wing surface was arbitrarily selected to show the impact and the differences between one material and another. The wing stands 2 m (6.6 ft) above the ground when the aircraft is at rest. The exposing fire is defined as a pool (spill) fire of JP-4 or similar fuel located directly under the midpoint between the fuselage and the end of the wing. In terms of flame spread and fire development, this is a worst case analysis.
The results of the hazard analysis can be presented in two forms. The first form would be aimed at the pragmatic and practical needs of the firefighter, with information presented in terms of comparisons to items or conditions for with which the firefighter is already familiar. Examples of such reference points include diameters of pool fires, potential of ignition of wood or plastic materials, and thresholds of pain. The second form would be in terms of engineering data for those interested in a detailed analytical analysis such as aircraft designers or new material developers.
(1)
Step 1. Relating pool fire size to fire exposure intensity. Persons experienced in aircraft firefighting understand the impact of f~e if expressed in terms of the size of a pool (or spill) fire. Conversely, energy release rate terms do not connote meaningful information to them. Since almost all of the engineering relationships involved in analyzing fire hazards are based on energy release rates, it is necessary correlate fire diameter and rate of (heat) energy release be developed and used in the method. This involves consideration of both the rate of mass burning and the heat of combustion of the fuel. The equations used were those presented by Babrauskas [8] .
(2)
Step 2 Determination of the extent and intensity of exposure to the candidate material from the exposure fire as a function of the exposure fire size (i-e., wing surface exposure from various diameter pool &a). For this step in the analysis, a correlation developed by Alpert for a flow of hot gases and flame on a ceiling as a function of the fire size [9] was used. Figure 1 plots the results for pool fire diameters up to 4 m (26 ft) in diameter at which the temperature would be 400, 500, 600, and 700°C. These temperatures are used as surrogates for heat flux levels of <25 kw/m2, 25 kw/m2, 50 kw/m2, and 75 kw/m2, respectively.
(3)
Step 3. Determination of minimum size fire needed to ignite candidate material in manner used in specified aircraft. This step uses McCaffrey's equation [lo] to determine the minimum size pool fire necessary to ignite the composite material. This is done by relating the assumed flux (as discussed in Step 2 above) to the calculated temperature and comparing this to the results obtained in the cone calorimeter. 
Step 4. Calculate the contribution of the candidate material to fire size.
Step 4 initiates the calculation of specific information to be presented in the normal output of the hazard analysis system. This step calculates the change in fire size due to the introduction of the candidate material.
From the cone calorimeter test, determine minimum ignition energy, ignition temperature, rate of heat release at various fluxes, and the effective thermal inertia (kpc).
Use the FLSPREAD model [Ill. This model provides information on the time involved for the fire to spread and the rate of heat per unit area exposed. The fundamental equations used in this FLSPREAD model are as indicated below.
In applying this model, it is assumed that the flux from the burning flame produced by the candidate material will always be in the range of approximately 25 kw/m2. For the purposes of these calculations, it is therefore assumed that if the material has a critical incident flux as measured in the cone calorimeter of 25 kw/m2 or less, the flame will extend to the end of the wing. The FLSPREAD model indicates the time that this takes to occur. Conversely, if the critical ignition flux is higher than 25 kw/m2, it is assumed that the flame spread extends only to the extent that the pool fire imposed a heat flux on the wing equalling or exceeding the 50 kw/m2 necessary to produce continued burning in this material. The impacting flux is determined on the basis of the temperature profiles developed using the Alpert correlations in Step 3.
There are two additional inherent, conservative assumptions involved in the flame spread evaluation.
(a)
It is assumed that the material involves is thick enough to continue burning and impose flux ahead of the flame front for a sufficient amount of time to assure ignition.
(b) It is also assumed that there is no impact on flame spread in the long dimension of the target (wing) as a result of energy vented by hot gases and/or flame spilled from the edges of the wing.
The implementation of the flame spread calculations requires the provision of parameter values for heat release rate, flame extension, ignition temperature, and thermal inertia. These are derived from cone calorimeter data as follows:
Heat Release Rate: Heat release rate is measured in the cone calorimeter using the oxygen depletion method. A distinct value for heat release rate (in kw/m2) is developed for each level of incident flux used. For this analysis, values were established for each of the materials considered at 25, 50 and 75 kw/m2.
Flame Extension: Determination of flame extension is necessary to determine the extent of incident flux from that portion of the flame in contact with the candidate material to that material and the length of the flame extension beyond the portion of the candidate material that is actually burning. The following equations are used.
For Thermal Inertia and Ignition Temperature: The determination of ignition temperature and thermal inertia (kpc) are interrelated by equations 6 and 7. These equations are appropriate for thermally thick materials and loose accuracy if there is significant temperature loss from the back side of the specimen. To minimize this error, the time to ignition was taken from cone calorimeter tests with an incident flux of 75 kw/m2. At this higher flux, the experiential time to ignition tends to be quite short and minor variations in reading the data can have a measurable effect on the ensuing calculations. Tables 1 and 2 list the values obtained or derived from cone calorimeter tests are used in this example. The total rate of heat release produced by the candidate material is then added to that produced by the pool fire. The results are shown in Figure 2 . The jump shown in the range of slightly less than 1 m pool fire diameter is indicative of the point at which the pool fire flame imposes an ignition temperature on the wing, and the fire then spreads rapidly to the end of the wing. The time function is not shown on this graph, but derived for each of the individual items.
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CONCLUSIONS
The capability of rational development of the hazard impact of materials based on properties measured in or derived from small (bench) scale test as a viable and useful tool for the application of fire science to the fire problem has been demonstrated. There are, of course, limitations and needs for improved data and improved understanding of important aspects of fire phenomena, but worthwhile analysis can now be made using existing tests procedures to measure fire phenomena and existing analytical expressions to predict the response of materials to such phenomena. Important to the advance of techniques such as those described in this paper is a continued program of full-and bench-scale test to improve the accuracy of correlations such as those used herein. material (kw/m2), r = radial distance (m) from point directly over center of fire where hot gases will be at T (degrees K) above ambient r = radial distance from center of fire to target (fire center is considered to be actual center or 0.5 m from nearest point of fire to target, which ever is least) t = time T = temperature increase (K) at point r Tf = flame temperature at height z over fire source (K) 
